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Reactivation of discontinuities within the Precambrian basement 
of the Llano region during the Ouachita Orogeny, influenced the nature 
of deformation in the overlying Paleozoic sediments. This influence 
is readily observed in outcrops of the lower 2-1O m of the basal 
Cambrian Hickory Sandstone, exposed along the Llano river in Mason 
County, Texas. Numerous fault systems, defined by fault type, timing, 
distribution and orientation are often observed in the same outcrop. 
The number and orientations of fault systems varies throughout the 
study area and correspond to fracture trends in adjacent basement 
outcrops. Fractures in the sandstone post-date but commonly are 
associated spatially with faults. Hovements in the underlying base- 
ment are inferred to control the heterogeneous deformation in the 
sandstone. 
Detailed mapping of an outcrop of Hickory Sandstone situated, 2-4 
m above the basement, documents a distinctive, scale independent, 
fault-zone geometry associated with interaction between en echelon, 
oblique-slip faults. The Elementary geometry is characterized by a 
pair of overlapping, primary faults that step opposite to their sense 
of shear, and a system of secondary antithetic faults restricted 
between and oriented oblique to the bounding faults. With increasing 
displacement on the bounding faults, the system of secondary faults 
evolves from an Elementary to a Compound, to an Advanced geometry, 
which includes the formation of secondary synthetic faults and sub- 
systems of higher order antithetic faults. Synthetic faults have the 
same sense of shear, are subparallel to the primary faults, and 
usually cut early formed antithetic faults, which have an opposite 
sense of shear relative to the primary faults. Synthetic faults form 
interior to and ahead of the bounding faults, increasing the effective 
overlap. 
Displacements on antithetic faults are directly related to 
changes in displacement on associated bounding faults. Additionally, 
markers provide information on the distribution of displacement within 
and outside the overlap region. This evidence leads to the interpre- 
tation that the secondary faults mechanically link the bounding 
faults, permitting displacement transfer through the overlap region. 
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Definition of Problem and Objectives 
Detailed mapping shows that, in their incipient stage, fault 
zones consist of en echelon arrays of individual faults (Becker, 1985; 
Gay and Ortlepp, 1979; Tchalenko, 1970; Wilcox et al. , 1973). With 
increasing displacement, deformation processes at ends of the early 
formed faults control the evolution of the fault zone. Therefore, 
understanding fault-fault interaction is a fundamental problem of 
structural geology. 
Fault zones formed by interaction between overlapping en echelon, 
strike-slip dominant faults are well-exposed in outcrops of Cambrian 
sandstone along the Llano River in Mason County, Texas. Later formed 
(secondary) faults are restricted to the overlap region between 
early-formed (primary) fault pairs, forming a distinctive fault zone 
configuration. This configuration is developed consistently over a 
wide range of scales. The principal objective of this study is to 
document the geometric, temporal and kinematic relationships between 
the primary faults and the associated secondary faults and to provide 
insight into the mechanics of interaction between en echelon faults in 
a porous sandstone. 
Recent field investigations of large-displacement normal faults 
in the Llano Uplift of central Texas (Becker, 1985; Johnson and 
This thesis follows the style of the Geolo ical Societ of 
America Bulletin. 
Becker, 1986) indicate that deformation in the overlying sediments is 
influenced by faults and fractures in the Precambrian basement. 
Therefore, an additional objective of this study is to determine the 
role of basement control on the development of the faults and frac- 
tures in the overlying sandstone. This associated study provides an 
understanding of the conditions under which the system of en echelon 
faults developed. 
This study is presented in two parts. Part I is presented in 
Chapter II, which focuses on the local structural setting of the 
faulted sandstones. The relationship between structures in the 
basement and the overlying sediments is established by: I) identify- 
ing and comparing fracture trends in the basement to small-fault 
trends in the sandstones, and 2) detailed mapping of an outcrop that 
is situated approximately 2-4m above basement. The outcrop exhibits 
several fault systems, including a system of interacting en echelon 
faults and associated secondary-fault zones. 
Part II, Chapter III is concerned with the general character- 
istics of the secondary-fault zones and investigates the relationship 
between the secondary and primary faults. This provides the basis for 
an interpretation of the mechanical role of secondary faulting between 
en echelon fault segments. Discussion of the secondary-fault zones 
(Chapter IV) includes examples of similar features described in other 
field and laboratory studies. In addition, results from existing 
mechanical analyses are presented to provide additional insight into 
the mechanics of the observed secondary faults. The secondary-fault 
zones are interpreted to form due to fault interaction and allow 
displacement transfer from one primary fault to the other. A model of 
the evolution of fault zones is presented, which is based on the field 
relationships and interpretation of displacement transfer. 
Nethod of Investigation 
The study involved two levels of detailed mapping. Geologic 
mapping, with emphasis on the fractures and small faults in the field 
area. was conducted at a scale of + I:4800 on an aerial photo base 
map. Attitudes of fractures and small faults were recorded and 
p'lotted in order to observe structural trends within the field area. 
In some cases, the number of features in an outcrop was small, so that 
al'1 were measured; however, in most cases, only representative atti- 
tudes were recorded. 
A second level of more detailed mapping, at scales of I:120 to 
Ir30 and larger, was conducted in order to facilitate the study of 
fault zone characteristics. This level of mapping, which focused on a 
single outcrop of Hickory Sandstone, used a modified pace and compass 
method and a portable grid, in order to accurately record the location 
of structures in the outcrop. In some cases photographs of the 
outcrop were used as base maps, allowing accurate representation of 
fault zone configuration in complexly faulted areas. 
Regiona1 Geologic Setting 
The Llano Uplift is a broad structural dome that exposes a core 
of Precambrian igneous and metamorphic basement, which is flanked by a 
~1000 m thick sequence of Paleozoic (mid-Cambrian to Pennsylvanian) 
clastics and carbonates (Figure 1). The Uplift is characterized by a 
system of segmented, N to NE trending, normal faults that developed as 
a result of lithospheric plate flexure associated with continental 
convergence during the Pennsylvanian Ouachita Orogeny (Reeker, 1985). 
The study area is situated within the southwestern part of the Llano 
Uplift, approximately 16 km southeast of the town of Mason, Mason 
County, Texas (Figure 1). 
Stratigraphy 
The oldest unit exposed in the area is the Packsaddle schist, 
which is composed ot various rock types. Mithin the study area, the 
Packsaddle is predominantly a biotite hornblende schist and gneiss. 
The Packsaddle fs intruded by several large granitic bodies. The 
oldest intrusion in the kIestern Llano Uplift, the Town Mountain 
Granite, is a coarse grained, quartz-plagioclase-microcline granite. 
Slightly younger, finer grained and 'less mafic granite bodies are 
often associated with the boundaries of the Town Mountain Granite. 
The Precambrian basement is overlain by the middle to upper 
Cambrian rocks of the Riley Formation. The Riley Formation, which 
includes the basal Hickory Sandstone member, is a sequence of trans- 
gressive sandstones and sandy limestones. 
The overlying Wilburns Formation and Ordovician Ellenburger Group 
rocks represent a second transgression that is dominated by carbonate 
Masan Connly 




Figure 1. Regional geology of the southwestern part of the Llano 
Uplift, Mason County, Texas. Outlined area shown in greater detail 
in Figure 2. Precambrian basement rocks are indicated by pg, 
Cambrian to Pennsylvanian sediments by 6 - Rs and Cretaceous sediments 
by K. 
deposition. A regional, low angle, unconformity separates the Ellen- 
burger Group from the overlying Devonian and Mississippian shales and 
carbonates. This unconformity reflects a broad, low amplitude pre- 
Devonian uplift, centered WNW of the Llano region, along the Concho 
Arch (Cheney and Goss, 1952). Shales and interbedded limestones of 
the Pennsylvanian Marble Falls and Smithwick Formation are the young- 
est Paleozoic rocks exposed in the area and are syndepositional with 
faulting. Becker ( 1985) provides a summary of the geologic history of 
the area that emphasizes the development of Paleozoic deformation. 
Structure 
The structural geology of the area is dominated by two major 
structural features: 1) a system of regional N to NE trending normal 
faults and 2) a large, low amplitude, NW trending, SE plunging syn- 
cline (Figure 2). Aspects of these features are related to the NW 
trending contact between granitic and metamorphic basement. The 
inferred boundaries between the Town Mountain plutons and the Pack- 
saddle Schist and the younger Precambrian granites (Figure 2) are 
interpreted from both geophysical (Andreason and Petrafeso, 1963) and 
limited outcrop data. 
Normal Faults. The segmented nature of the faults in the Llano 
uplift (Figure 2) occurs at a range of scales {Becker, 1985; 
Schmittle, 1987) and is typical of the deformational style of the 
uplift. While the dominant motion on the faults is dip slip, locally, 
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fault orientations that are oblique to regional extension. Indica- 
tions of oblique-slip in the form of inclined slickensides also has 
been reported (Schmittle, 1987 and Johnson, pers. comm. ). 
Becker ( 1985) and Johnson and Becker ( 1986) contend that the 
style and distribution of deformation is closely tied to basement 
lithology: 
I) large-displacement discrete faults localize within the 
granites and tend to loose displacement and splay into smaller, more 
distributed faults in the metamorphic terrain (Figure 2); 
Z) several of the faults have a more northerly trend where they 
cross from granitic into metamorphic basement. To the west of the 
field area, the faults have a more easterly trend (Figure 2). Aero- 
magnetic and gravity data suggest that a body with granite-like 
characteristics may underlie this area; 
3) the maximum separation on the Iarge-displacement faults is 
located just to the west of and follows the known and inferred Precam- 
brian granite/ metamorphic basement contact (Figure 2). 
~gestae. With the ceptsoe of iocai d ag folds associated with 
faulting, folding in the Paleozoics is not a major mechanism of 
deformation in the Llano uplift. However, previous investigators 
(Wilson, 1957; Fisher, 1960; Schmittle, 1987) have mapped a broad, low 
amplitude syncline trending nearly perpendicular to regional faults 
(Figure 2). 
Changes in bedding attitude associated with the fold show a 
relationship to the granitic/metamorphic contact. Regionally, bedding 
dips gently to the southeast. In the northern portion of the 
syncline, dips range from ~2-5' SW on the east side of the syncline, 
increasing to ~6-9' (and as high as 18) SSW near the nose region, then 
gradually swing to SE (M-6') on the west limb. Bedding attitudes of 
limestones higher in the section indicate that the change in strike 
from the east limb to the nose is fairly sharp and that the change 
back to regional dip is more gradual along the south west limb 
(Fisher, 1960; Wilson, 1957; Schmittle, 1987). This sharp change is 
nearly coincident with the inferred contact between the younger 
granite and metamorphic basement. The axial trace of the syncline 
appears to be offset across the Llano river. This "offset" is coinci- 
dent with an easterly swing in the projected contact between the 
granitic and the metamorphic basement. In addition, the axial trace 
of the syncline is colinear with the trend of maximum separation of 
the normal faults (Figure 2). 
These observations indicate that differences in the mechanical 
response of the basement rocks to the brittle deformation associated 
with upi ift had a measurable influence on the development of large- 
scale structures in the overlying Paleozoic sediments. 
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CHAPTER II 
LOCAL STRUCTURAL SETTING AND DETAILED STUDY OF 
FAULT SYSTEMS WITHIN AN OUTCROP 
The field area is situated along the north bank of the Llano 
river on the eastern limb of the syncline (Figure 2). Bedding in the 
area dfps +2-4' SW. Within the area, the lower 2-10 m of the basal 
Hickory Sandstone is exposed above the Precambrian basement. The 
sandstone is underlain by fine grained granite in the west and 
hornblend-gneiss in the east (Figure 3). Foliation in the Packsaddle 
Schist is steeply dipping and trends NW. Fractures paralleling 
foliation were not observed in the field area, thus, it is not a 
prominent plane of weakness and appears not to have influenced fault 
development during the Pennsylvanian deformation. 
The contact between the gneiss and granite is covered throughout 
most of the area, but usually, it can be located to within a few 
meters and is thought to be fairly sharp. With the exception of 
pegmatite and aplite veins, the granite is re'latively homogeneous and 
has no strong flow foliation. Local relief on the upper basement 
surface is estimated to be not more than 10-20 m. Small monadnocks of 
granite and gneiss are present in the field area (Figure 3). The 
depositional contact between the Hickory Sandstone and Precambrian 
basement is exposed in several places within the field area. Locally, 
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Figure 3. Geologic map ot the study area 
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The Hickory Sandstone is generally divided into three units 
(Barnes and Bell, 1977; Schmittle, 1987). This study focuses on 
deformation in the lower uni i, which is a high porosity, generally 
coarse grained, poorly to moderately-well cemented, poorly-sorted 
sandstone with some silty interbeds. Individual bed sets may be up to 
1-2 m thick but generally lack extensive lateral continuity. Region- 
ally, the lower Hickory is regarded as a relatively clean quartzose 
sandstone. Within lower bed-sets, in the study area, the sandstone 
contains significant potassium feldspar. Conglomeratic horizons 
composed of large, often euhedral crystals and angular grains of 
quartz and K-spar are common near the basement/sandstone contact. The 
surfaces between bed-sets usually are sharp. Sedimentary structures 
within the bed-sets range from ripples to trough crossbeds. ~ ~Chan es 




Field mapping reveals that deformation in the study area is 
manifest primarily as fractures and small faults. Folding is not 
observed and only one fault with displacement greater than I m is 
identified within the study area. 
Fractures 
Individual fractures occur as planar or curviplanar surfaces of 
separation. A fracture trace may be continuous throughout its length 
or it may be composed of very closely spaced en echelon segments. 
I3 
Most fractures are members of a distinct set. Multiple fracture sets 
typify most outcrops. 
Mithin fresh outcrops of crystal line basement, fractures have 
sharply defined surfaces with no gouge material observed. Some frac- 
tures in the basement have shear displacements on the order of a few 
millimeters. Fracture density, within the metamorphic basement, is 
sensitive to lithology, although, fracture spacings are not uniform in 
any given basement rock type. The age of fractures in the basement in 
the field area is not definitively known. Studies in other parts of 
the Llano up'lift have documented several stages of pre-Pennsylvanian 
fracturing, much of which has a Precambrian origin (Boyer et al. , 
1964; Groshong, 1967; Hutchinson, 1956; and Iranpanah, 1964). A few 
mineral-filled fractures, suggesting a Precambrian age, were observed 
in the field area. 
Fractures in the Hickory Sandstone are usually open with no gouge 
occurring between the surfaces. Liesegang bands of iron-oxide stain- 
ing are commonly associated with one or both sides of the fracture, 
indicating that they have been conduits to fluid flow (Figure 4). In 
contrast to basement fractures, fractures in the sandstone exhibit no 
shear displacement and are interpreted to form in extension with 
displacement normal to the surface. In all cases, fractures in the 
sandstone~ost-date fault development in tbe. sandstone 
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Small Faults 
Small faults in the sandstones occur as prominent "bands" of 
gouge that are lighter in color than the host-rock. The gouge 
material is more resistant to weathering so that the faults often 
stand out in relief on the outcrop. Small faults in the Hickory are 
similar to faults formed in other porous sandstones (Aydl~n 1978; 
Young, 1982; Heald, 1956; Pittman, 1981; Jamison, 1979; and Schmittle, 
1987). Shear displacements of less than I mm can generate clearly 
discernable gouge so that small faults are easily distinguished from 
fractures with no shear offset (Figure 4). In addition, small faults 
with greater amounts of displacement have thicker gouge and sometime 
have a braided or ropey appearance. This relationship is used to 
establish relative. , magnitudes of displacement on small faults where 
independent evidence, such as offset markers are absent. 
Shapes of fault traces vary from straight to highly curved or 
sigmoidal and are partly a function of view relative to the displace- 
ment vector. In plan view, strike-slip dominant faults have 
straighter traces than dip-slip dominant faults. 
Large Faults 
Only one fault with displacement greater than I m is present in 
the study area. It is located in the Llano river where the river 
channel changes from nearly east-west to about N50E, parallel to the 
regional fault trend. The sense and amount of offset on the fault is 
not known, however, the sandstone/basement contact is approximately 
tra stere 
single small fault 
Figure 4. A typical fracture and a single small fault in the Hickory Sandstone. Note small offset of crossbedding by the small fault. 
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8-10 m higher on the southeast side of the river than on the northwest 
side. Assuming that the upper basement surface is planar, as much as 
8-10 m of dip-slip movement down to the NW is possible. A component 
of strike-slip cannot be ruled out, but the field data is inadequate 
to constrain an estimate. This fault was not observed within outcrops 
of the Packsaddle to the east, so it either dies out as a distributed 
zone of fracturing or it lies totally within the river. 
Fracture Trends in the Basement and 
Fault Trends in the Sandstone 
Data obtained from granite and metamorphic outcrops show that 
basement fractures, at any given location, have diverse attitudes. 
The two most commonly occurring fracture attitudes strike generally 
northeast and northwest, but as few as one or as many as five fracture 
sets may be observed within any given outcrop (Figure 5). The frac- 
ture orientations in the basement exhibit significant spatial varia- 
tions within the field area. For example, a north trending fracture 
set occurs in basement outcrops near the granite/gneiss contact north 
of the river (Figure 5). This fracture set is not observed in granite 
outcrops to the west and is observed in the gneiss for only about 200 
m eastward. The fact that this fracture set is best developed near 
the granite/gneiss contact, and that the contact is also north trend- 
ing, suggests that the fracture set and the granite/gneiss contact are 
related. Another significant spatial difference is observed by noting 
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study area. 
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the western two-thirds of the field area. These fracture sets are 
only weakly-developed or absent in outcrops of gneiss in the east 
(Figure 5). 
Comparing fracture data from granite outcrops with small fault 
data in adjacent sandstone outcrops, reveals that attitudes of small 
fau'1ts in the sandstone commonly correspond to fracture sets in the 
underlying basement. For example, the NE and NW small-fault trends in 
the sandstone outcrops along the stream (Figure 6, rose H&) correspond 
to fracture orientations in the nearby granite outcrops (Figure 6, 
rose G&). In addition, a set of north trending small faults in 
sandstone outcrops near the sandstone/granite contact, along the north 
bank of the river (Figure 6, rose H4), closely correlates to the 
previously mentioned north trending set of basement fractures, which 
appears related to the granite/gneiss contact (Figure e, rose G3). 
Fracture trends in the basement do not always have corresponding 
small-fault trends in the sandstone. For example, returning to the 
rose diagrams at locations G3 and H4, the NE and WNW fracture trends 
at G3 are not mirrored by small-fault trends at H4 (Figure 6). 
Further study of attitudes in the outcrops north of the river, near 
the granite/gneiss contact shows that fault trends can deve'lop without 
a corresponding fracture set. Note, in particular, the set of low 
angle, NW trending faults in the sandstone outcrops (Figure 6, rose 
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Figure 6. Fracture attitudes measured in basement outcrops and small 
fault attitudes in sandstone outcrops in the study area. 
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Fault trends in the Hickory Sandstone exhibit significant varia- 
tions across the field area. For examp'le, a prominent WNW small-fault 
trend is observed in sandstone outcrops in the southwestern and 
south-centra'1 part of the field area (Figure 6, rose H and H&). I 
However, outcrops to the north, represented by rose diagrams at H2 and 
particularly at H4, do not have a strongly developed WNW fault trend. 
Also, the N40-60E fault trend that is observed at locations H2 and H3 
is essentially absent in sandstone outcrops in the southwest (Figure 
6, rose HI) It is interesting to note that fractures oriented WNW 
and NW are observed in basement outcrops at locations GI and G2. 
However, a clear relationship between structural trends in the base- 
ment and overlying sediment in the western part of the field area 
cannot be established due to limited outcrop. 
In addition to variations in attitudes, small fau'its in the study 
area exhibit varying senses of shear. Both high and low angle faults 
with normal and reverse slip as well as strike-slip dominant faults 
are often developed within the same outcrop. Faults within any given 
outcrop also have systematic age and spatial relationships, allowing 
the identification of distinct fault systems. Field relations do not 
indicate that the faulting in the sandstone represents more than one 
major period of deformation. 
From a mechanics standpoint, movement along surfaces of weakness, 
in the form of pre-existing fractures, in the basement is a reasonable 
model to explain the origin of the diverse trends and senses of 
movement of faults in the overlying sandstone. The distribution and 
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orientation of reactivated basement fractures controlls the hetero- 
geneity of deformation of the sandstones observed in the field area. 
Interrelations of Fault and Fracture Systems Developed in an Outcrop 
The major portion of the field work involved detailed mapping and 
investigation of faults and fractures developed within a 50 x 70 m 
outcrop of Hickory Sandstone, situated approximately 2-4 m above the 
sandstone/basement contact (Figure 7). The outcrop lies within the 
flood plain of the Llano River, which helps to keep the sandstone 
uncharacteristically we' ll exposed. The rose diagram at location H& in 
Figure 6 shows that numerous fault trends are present in the outcrop. 
Fault and fracture development is not uniform through out the 
outcrop. Some areas in the outcrop exhibit a high density of faults, 
whereas others are essentially free of deformation (Plate 1). Five 
fault systems and four fracture sets occur within the outcrop. The 
following description and discussion of the systems is presented 
sequentially from oldest to youngest, providing a scenario of struc- 
tural development of the outcrop. tach of the structural systems are 
defined on the basis of timing, attitude, distribution (location, 
spacing and length), sense of slip and amount of offset of the members 
that compose the systems. 
Fault Systems 
~tst l. The oldest fault system in the outcrop co sists of 
steeply dipping, N to NNM trending faults, some of which form a poorly 
f~e 'I. Oblique view of L1ano River outcrop of Hfekory Sandstone:. '~lied napping (1:1M) cnyered eastern. R/3 of evtorop. View 'fl 
@e northwest, htlls. th hackgroend are resistant CaehrfaIn 
'Wi'fNeetas exposed 3n the exlal part of the synclfne. 
ftgure 7. Oblique view of Llano River outcrop of Hickory Sandstone. 
getailed mapping (1:120) covered eastern 2/3 of outcrop. View ia 
teward the northwest, hills in background are resistant Cambrian 
carbonates exposed in the axial part of the syncline. 
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Figure 7. Oblique view of Llano River outcrop of Hickory Sandstone. 
Detai'led mapping ( 1r 120) covered eastern 2/3 of outcrop. View is 
toward the northwest, hills in background are resistant Cambrian 
carbonates exposed in the axial part of the syncline. 
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defined zone trending through the central part of the outcrop (Figure 
8). Faults of System I typically are short (2-5 m) and have irregular 
traces, suggesting that movement is dfp-slip dominant. These faults 
have gouge thicknesses on the order of 1-2 sm, indicating small 
displacements. System I faults apparently do not have a strong 
influence on the structural development of the outcrop. 
3~stem 2. System 2 faults co slat ntly cut faults of Syst l. 
Faults of System 2 strike WNW and form a well developed zone in the 
southwest part of the outcrop. The 10-15 m wide zone is composed of a 
set of steep (60'-80') and a set of moderate (30'-50'), SW dipping 
faults. Similarly oriented faults are located in the northeast part 
of the outcrop (Figure 8). Spacing of System 2 faults is on the order 
of 0. 5 m or less and locally can be very uniform. Individual faults 
of the system have lengths of 5-8 m, but often link up with other 
members to form longer traces. These faults exhibit both normal and 
reverse dip-slip separations of about 2-10 mm. In many cases, appar- 
ent offsets indicate that System 2 faults have a measurable component 
of strike-slip. System 2 faults are similar in nature to faults that 
compose other WNW trending fault zones observed elsewhere in the 
surrounding study area. 
~sate 3 ln t. he south ce t a-l part of the outc op, faults of 
System 2 and System 3 overlap and mutually transect each other, 
indicating synchronous formation. System 3 faults are localized in a 
curved zone that diverges from the fault zone of System 2 at the 
southern edge of the outcrop changing to a N35W trend, and ultimately 








swings more westerly near its termination in the central part of the 
map (Figure 9). In contrast to the zone of System 2 faults, System 3 
faults do not extend out of the mapped area. Near the southeast 
corner of the outcrop, faults of System 3 curve and merge into a N55E 
trending right-lateral, oblique-slip fault (Figure 9). Faults of 
System 3 dip from &15'-90' toward the SW. High and low angle faults 
occur in the southern part of the outcrop. In the central part of the 
map, the System 3 faults are shor ter and have steeper dips . Di splace- 
ments are dip dominant, oblique-slip (both normal and reverse) with 
apparent separations of 0. 1 to 2 cm. A few fault surface striations, 
trending NE-SW with shallow to moderate plunge, were observed where 
Systems 2 and 3 overlap. 
Other fault zones observed in the field area do not have the 
curved geometry that is characteristic of the zone of System 3 faults. 
The development of System 3 faults may be controlled locally by 
displacements on other fault systems in the outcrop. 
~S ste a. Se e at Nil-treodtug. lou a gle faults are deu tog d ST 
close association with cross-bed set boundaries (Figure 10). The 
timing of System 4 fau'its with respect to Systems I, 2 and 3 can not 
be established due to the lack of crosscuttina relationships. They 
are however, cut by faults of System 5. Many of the faults are small 
thrusts (displacements less than I cm) that locally follow cross- 
bedding. Other System 4 faults are "detachment" surfaces between 
major bed-sets. The thrusts and "detachment" faults are usually 
spatially associated but have a sparce occurrence in the outcrop. The 
Figure 9. Distribution of fault system 1, 2, 3 and 4 and early-formed elements of System 5 
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Figure 10. Detachment and thrust faults of System 4. Ruler is 15 cm long. 
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presence of System 4 faults indicates that local aq oriented subhori- 
zontally, resulted in decoupling between bed sets during the deforma- 
tion of the sandstones. 
~S stem 5. The last system of i'salts to develop in the ostt op is 
composed of two associated sets of faults. One set is arranged en 
echelon and strikes N50-60E and the other set trends N to NNE and is 
spatially restricted to the overlap region between members of the Nt 
trending set (Figure 11). As illustrated in Figure 9, some members of 
the NE trending set are interpreted to be contemporaneous with forma- 
tion of Systems 3 and 4, however, none of the System 5 faults are 
offset by any of the older fault systems. Both sets of faults have 
dips ranging from 65 to 90 . The NE trending faults dip predomi- 
nantly to the SE, whereas the N to NNE trending faults generally dip 
to the ESE. System 5 faults have highly variable lengths, ranging 
from centimeters up to greater than 39 m. Lengths of the members of 
the N to NNE trending set are controlled by the spacing between the NE 
trending faults that bound them. 
All System 5 faults are oblique-slip, with the strike-slip 
component usually much greater than the dip-slip component. The NE 
trending faults have left-latera'1 separations and the N to NNE faults 
have right-lateral separations. In only a few cases were actual slip 
vectors obtainable. Displacements on the N to NNE trending faults are 
less than on faults of the Nt trending set. The largest apparent 
offsets on System 5 faults are greater than on any other faults in the 
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outcrop. Strike separations range from a few millimeters up to 25-3b 
cm. The largest dip separations are on the order of 2-4 cm. 
Field relations indicate that deformation associated with System 
5 initially was distributed on widely spaced NE trending fault seg- 
ments (Figure 9). Therefore, System 5 is divided into a system of 
early formed (i. e. , primary) faults and a system of associated secon- 
dary faults. The secondary faults are restricted between overlapping 
primary fault pairs and are either: (I) synthetic to the primary 
faults (i. e. , oriented subparallel, with the same sense of shear as 
the primary faults), or (2) antithetic to the primary faults (i. e. , 
oriented oblique to and with a sense of shear opposite that of the 
primary faults). This terminology follows that of Wilcox et al. 
(1973) for secondary faults associated with wrench fault systems. In 
general, the primary and secondary synthetic faults correspond to the 
NE trending set of faults and the secondary antithetic faults corre- 
spond to the N to NNE set (Figure 12). Fractures, represented by the 
dashed lines in Figure 12, occur in direct association with the 
primary and secondary faults. These fractures are contemporaneous 
with the faulting and are considered as a subset of System 5. 
Main Fault. The largest offsets observed in the outcrop occur on 
a group of closely spaced, System 5 faults that trend through the 
central part of the map. These faults define the trace of the Main 
Fault (Figure 12). Within the outcrop the Main Fault is composed of 
three major segments: the West, Middle and East segments (Figure 12). 
These thr ee NE trending segments are in a right-stepping en echeIon 
Figure 12. Map of System 5 faults showing the Main Fault and 
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configuration and are linked by associated secondary faults. Where 
other NE trending primary faults of System 5 exhibit maximum separa- 
tions of 6-IO cm, separations on the major segments of the main fault 
are as large as 25-35 cm. If mapped at a smaller scale, the Main 
Fault would probably be represented as a single, small fault. 
The characteristics of the distinctive fault-zone geometry, 
formed by the en echelon primary faults and the associated secondary 
faults are the main focus of the following chapter. In order to 
facilitate discussion of particular aspects of System 5 faults, a 
given system of linking, secondary faults and the associated pair of 
primary faults will be referred to as a Secondary-Fault Zone (SFZ). 
Fault System Relationships 
The following observations indicate that many of the characteris- 
tics of System 5 faults are strongly influenced by the location and 
nature of System 2 and System 3 faults. Because the largest displace- 
ments in the outcrop are associated with the last stage of faulting, 
these relationships provide key insights into the structural develop- 
ment of the outcrop. 
I) The West and Middle segments of the Main Fault are themselves 
composed of numerous short segments. Several small SFZ are developed 
along this part of the Main Fault. In contrast, the East segment of 
the Main Fault is essentially a single, continuous fault (Figure 12). 
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2) The change in the trace of the Main Fault, from a segmented 
to a continuous nature, occurs where the System 3 fault zone is cut by 
the Main Fault (Figure 12). 
3) To the northeast of the Central SFZ, there are no well 
defined fault zones that are cut by System 5 faults. Only in the 
extreme NE corner of the outcrop does the relatively continuous East 
segment cut any pre-existing faults (Figure 12). 
4) The right step between the West and Middle segments of the 
Main Fault is coincident with the area where the zone of System 2 
faults is cut by System 5 faults (Figure 12). 
5) The shorter NE trending primary faults that constitute the 
Middle and West segments have somewhat more northerly strikes (N40- 
55E) than the general trend of the Main Fault. There is also a 
prominent strike change across the Central SFZ, from N57-61E on the 
Middle fault segment to N50-55E on the East segment (Figure 12). 
Fracture Sets 
Fractures in the outcrop trend generally WNW, NNW and NE. 
Granite outcrops located north, south and east of the area mapped in 
detail also exhibit these general trends (Figure 5). Based on their 
orientation and distribution in the outcrop, the fractures are grouped 
into four sets (Figure 13). None of the fractures are cut by faults, 
but two of these fracture sets are spatially related to earlier-formed 
fault systems. 
Figure 13. Distribution of faults and fracture Sets 1, 2, 3 and 4 in the 
Llano River outcrop. 
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Set 1. Fracture Set I trends sub-parallel to the N50-60E trend- 
ing faults of System 5. In one case, a fracture is located along the 
trace of a pre-existing fault ( Figure 13) . Di ps on this set of 
fractures generally are steep, but are hard to measure due to prefer- 
ential weathering along the fracture surfaces. Fracture spacing 
varies from about I to 10 m. Fractures of Set I have lengths on the 
order of 15-25 m long. 
Set 2. Set 2 fractures are situated in a WNW trendino zone that 
is conicident with the zone of System 2 faults, located in the SW part 
of the outcrop (Figure 13). Hany of these fractures are colinear 
with, and link elements of fault System 2. Similar to the faults in 
this zone, Set 2 fractures have moderate to steep, SW dips and are 
spaced on the order of 0. 5 to I m. Lengths of Set 2 fractures are 
variable but usually are not longer than about 10 m. The fractures 
have straight average traces, but on closer inspection, the surfaces 
appear jagged or rough. 
Set 3, Set 3 fractures trend WNW but are not localized in a zone 
and show no spatial relation to other fractures or faults. The nearly 
vertical fractures are mostly continuous, consisting of joined seg- 
ments that vary in strike by 5-15'. Usually, segments that strike 
more WNW are longer than the joining segments. Spacing between 
members is highly variable, ranging from 2 to 15 m (Figure 13). 
Set 2 and Set 3 fractures do not intersect and, therefore, 
relative timing between the sets could not be established. A few Set 
3 fractures abut against Set I fractures, indicating that some Set 3 
fractures are younger than Set I. 
Set 4. Several Set 4 fractures abut against members of both Set 
I and Set 3, suggesting that Set 4 fractures are the youngest deforma- 
tion features in the outcrop. In contrast with the other sets, no 
iron-oxide staining is observed in association with the fracture 
surfaces of Set 4. Fractures of Set 4 occur mainly in the NE part of 
the outcrop and trend between N12-20W. The fractures have consis- 
tently moderate dips (60-70') to the NE, and have very linear traces. 
Lengths of Set 4 fractures are short (2-5 m). The fractures generally 
have close but variable spacing, ranging from 0. 1-0. 2 m up to 5 m 
(Figure 13). Groups or adjacent pairs of Set 4 fractures often have a 
distinct en echelon arrangement that is not characteristic of the 
other fracture sets. Although members of fracture Set 4 are not 
spatially associated with the faults of System I (as is the case with 
System 2 faults and Set 2 fractures) they do have similar NNW trends 
and occur throughout a large part of the outcrop. 
Discussion: Kinematic Mode1 of Faulting in the Outcrop 
Field relations obtained from field and outcrop mapping provide 
the basis for a kinematic model of faulting in the outcrop. Prior to 
presenting the interpretation, several important points should be 
reiterated: I) there are numerous, spatially varying, fracture trends 
in the basement, many of which probably have a Precambrian origin, 2) 
small-fault trends in the sandstone correlate to fracture trends in 
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adjacent basement outcrops, 3) fault systems in the outcrop follow a 
definite sequence of formation, 4) the development of the last fault 
system appears to be influenced by the nature and location of earlier 
fault systems, and 5) fractures post-date faul ts and the diver se 
fracture trends in this outcrop correspond to fracture trends in 
adjacent basement outcrops, and some fractures are spatially asso- 
ciated with faults in the sandstone. 
The premise of the model is that reactivation of pre-existing 
surfaces of weakness in the basement, controls development of faults 
in the overlying sandstone. Also the mechanical nature of porous 
sandstone is such that very small shear displacements (0. 5 mm and 
less) will generate clearly discernable, macroscopic faults. Thus 
sandstone, which directly overlies the basement, can act as a tape 
recorder, reflecting even small movements along basement fractures. 
The validity of this ana'logy depends, in part, on the continuity of 
displacement or coupling across the basement/sandstone interface. In 
a situation where the renewed motion on a pre-existing fracture is 
dip-slip only, continuity of displacement into the sandstone would 
require that the fault in the sandstone have a very similar strike but 
not necessarily the same dfp as the basement fault (cf. Patton, 1984). 
In the other end member case, where a fracture is reactivated in a 
strike-slip sense, potential decoupling or discontinuous deformation 
across the basement/sediment interface, could result in faults in the 
sandstone oriented at some systematic angle to the basement fault (cf. 
Bartlett, 1980; and Milcox et al. , 1973). 
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System I faults have very small offsets and are not strongly 
developed in the outcrop. There is no indication that faults of 
System I have a significant influence on the formation of later fault 
systems. 
Faults of System 2 and System 3 have oblique slip with signifi- 
cant components of dip-slip. These two fault systems are interpreted 
to be generated by movement along similarly oriented fracture/fault 
zones in the basement. The basement fracture/fault zone associated 
with System 3 faults would have limited dimensions and may be only 
'local'ly developed. In contrast, the System ? faults are continuous to 
the WNW and have characteristics similar to other WNW trending fault 
zones observed in the study area. For example, System 2 faults in the 
NE edge of the outcrop may be members of a partly exposed fault zone 
( Figure 8). The proposed basement fault zones associated with System 
2 faults may be part of a more extensive fracture system that was 
reactivated during the early stages of deformation. There are well 
defined fracture zones oriented WNW in granite outcrops on the south 
side of the river (Figure 9, rose GI). The normal and reverse, 
oblique movements on faults of these two systems are inferred to 
accommodate lateral displacements in a NE-SW direction ( Figure 14, 
Stage A). The total amount of extension or compression associated 
with the faults is unknown, as indicated by the double pointed arrows. 
As deformation proceeded, the curved faults of System 3 formed in 
association with concur rent motion on an early-formed, right-lateral 
Figure 14. Kinematic model of fault development in the Llano River outcrop. 
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fault of System 5 (Figure 14, Stage B). This occurred contemporane- 
ously with formation of other early members of System 5. Relative 
translation of the "unfaulted block" of sandstone toward the NE, as 
indicated by the arrow, is inferred by the sense of shear on the 
faults that bound the block, possibly reflecting translation of a 
discrete basement block (Figure 14, Stage B). This lateral transla- 
tion could also be contemporaneous with the formation of the low angle 
faults of System 4. The trend of these thrust and "detachment" faults 
is approximately perpendicular to the inferred direction ot lateral 
translation (Figure 14, Stage B). The lateral movements along the low 
angle faults of System 3 and System 4 in the sandstone, do not require 
continuity of deformation across the sediment/basement interface. 
The influence of System 2 and System 3 faults on the development 
of System 5 faults is manifest by variations in length of the NE 
trending members of System 5. In general, the NE trending members in 
the SW half of the outcrop are shorter than those in the NE half 
( Figure 14, Stage B). The short members cut the basement-controlled 
System 2 and System 3 fault zones. In contrast, there are no distinct 
fault zones cut by the longer faults in the NE. Thus, the faults that 
compose the West and Middle segments of the Main Fault are initially 
more distributed and shorter than the East segment. 
In addition, the early formed segments of the West and Middle 
faults of the Main Fault align in a N57-61E trend but have individual 
strikes rangino from N45E to N57E. The longer faults in the NE part 
of the outcrop strike between NSOE and N55E. 
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If the NE trending members of System 5 correlate to a system of 
smail faults in the basement, then the above observations suggest two 
interpretations: 
I) the dip component of slip is great enough or occurred prior to 
strike slip so that the location and strikes of faults in the sand- 
stone correspond directly to underlying basement faults. The presence 
of the pre-existing WNW and NW trending fault zones impeded the 
formation of a continuous, throughgoing Main Fault, or 
2) the strike-slip motion dominates so that the distribution and 
strikes of faults in the sandstone are systematically arranged above a 
basement fault. This would be consistent with the fault that many of 
the early formed segments of the West and Middle fauIts are oriented 
at an angle to the Main Fault trace. There is no definitive evidence 
that would absolutely support one interpretation over the other. 
The final stage of fault development includes the generation of 
the N to NNE trending secondary faults of System 5 and the formation 
of the Main Fault. Largest relative displacements were focused along 
segments of the Main Fault ( large arrow, Figure 14, Stage C). Given 
the proximity of the outcrop surface to the basement/sediment inter- 
face, the pattern and distribution of faults in the basement may be 
similar to that observed in the outcrop. There is no evidence to 
indicate that any further motion occurred on any of the System I, 2, 3 
or 4 faults. The dominance of NE trending faults late in the deforma- 
tion history of the outcrop may indicate that the regional NE trending 
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fault fabric was generated after initial adjustments along pre- 
existing faults and fractures in the basement. 
The distribution and orientation of post-faulting fracture sets 
is also influenced by basement discontinuities. Fracturing in the 
sandstone late in the structural development of the area may be 




CHARACTERISTICS OF SECONDARY FAULT ZONES 
BETWEEN EN ECHELON, INTERACTING OBLIOUE SLIP FAULTS 
A Secondary-Fault Zone (SFZ) is defined here as a system of 
faults that loca'lize between and form in response to interaction 
between primary faults. The initial geometry of a SFZ is controlled 
by the configuration of the bounding pair of primary faults. This 
study focuses on the specific case where the bounding primary faults 
overlap and step opposite to their sense of shear (when viewed paral- 
lel to the fault plane and perpendicular to the direction of movement, 
Figure 15). The term primary fault is used to refer to those elements 
of the SFZ that are interpreted to be first or earliest formed. 
Secondary faults are interpreted to form in response to stresses 
derived from interaction between the primary faults. The secondary 
faults exhibit systematic spatial relationships to themselves and to 
the bounding primary faults. Thus, faults that compose a SFZ are 
arranged in a distinctive pattern or fault zone geometry. 
The first objective of this chapter is to establish a clear 
physical picture of the geometry of SFZ observed in the outcrop. This 
includes specification of the kinematics of the faults that compose 
the SFZ. These characteristics are illustrated with diagrams of an 
Elementary SFZ and a more complicated Compound SFZ. Examples of SFZ 
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Figure 15. Schematic illustration of an Elementary Secondary-Faul t Zone. 
Secondly, the characteristics of the secondary faults and their 
relationships to bounding, primary faults are presented. This 
includes observations on the nature of intersections between secondary 
faults. From these relationships, a scenario of the development of a 
well documented SFZ is formulated. These and additional observations 
on the nature of' displacements within SFZ provide the basis for the 
interpretation that continued displacement on the bounding primary 
faults is transferred, across the overlap region, through the system 
of secondary faults. 
Geometry of Secondary-Fault Zones 
An important attribute of SFZ is that they exhibit a high degree 
of geometric similarity at a range of scales . This can be illustrated 
by a cursory, visual inspection of the map of System 5 faults ( Figure 
15). Analysis of the length versus width dimensions of several SFZ 
are presented in a following section. Through extensive investigation 
of numerous SFL in the study area, it is possible to synthesize an 
Elementary SFZ (Figure 15). 
The Elementary SFZ represents the simplest possible SFZ geometry. 
In the schematic illustration of Figure 15, steeply dipping, bounding, 
primary faults have left-lateral slip and are in a right-stepping 
configuration . Restricted to the overlap region is a first-order 
system of right-lateral, secondary antithetic faults that terminate 
against the primary faults. The angle between a primary fault and an 




Within a given SFZ, secondary antithetic faults generally 
have uniform dip directions with dips ranging from 60 to near verti- 
cal. The secondary faults, in this most simple case, are inferred to 
have formed synchronously. 
An important aspect of the Elementary geometry is that, outer 
antithetic faults occur at the end of an associated primary fault. 
The mutual termination of the two faults forms a discrete "Tip". It 
is not uncommon for the trend of a primary fault, near the Tip, to 
change so that the fault curves away from the overlap region of the 
bounding faults (Figure 15). 
Occasionally, the trace of a primary fault may continue beyond 
the Tip. However, the end of the primary fault, as marked by the 
absence of a continuous gouge zone, occurs at or near the lip. The 
trace of the bounding fault beyond the Tip, cartooned as a dashed 
line, is more fracture-like (Figure 15). Generally, gouge is absent 
or only locally developed. Shear displacements beyond the Tip, if 
observed, are small (& 2 mm or less). 
The essence of the E'lementary geometry is observed in all of the 
SFZ in the study area and is a fundamental characteristic of SFZ. In 
general, however, SFZ observed in the sandstone outcrops have more 
than one system of secondary faults, and are referred to as Compound 
*Similarly, a mirror image of Figure 28 would illustrate a SFZ 
formed between left-stepping, right-lateral primary faults. The 
angle, measured clockwise, between a primary and a secondary 
antithetic fault is acute. 
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SFZ. Within Compound SFZ, the Elementary geometry occurs as second 
(and higher) order subsystems of secondary faults (Figure 16). In 
addition to obliquely-oriented secondary antithetic** faults, compound 
SFZ have secondary synthetic** faults that are subparallel to, and 
have the same sense of shear as the bounding primary faults. As 
illustrated by the diagram in Figure 16, synthetic faults usually cut 
earlier formed antithetic faults and are located between the overlap- 
ping primary faults . Also, a given synthetic fault is more directly 
associated with, and forms adjacent to one or the other primary faults 
(i. e. , they do not form midway between the bounding primary faults). 
Subsystems of antithetic faults form between a synthetic fault 
and the neighboring primary fault (or between two synthetic faults) . 
Subsystems occur either between the synthetic and its associated 
(nearest) primary fault or between the synthetic and the other primary 
fault or both. The antithetic faults of a given subsystem are assumed 
to be synchronous. 
Figure 17 shows an example of a Compound SFZ formed between two 
right-lateral, left-stepping primary faults, spaced 2-4 cm apart. A 
single synthetic fault offsets an earlier formed (first order) anti- 
thetic fault. In this case, the synthetic fault is connected directly 
to its associated primary fault. A subsystem of second-order antithe- 
tic faults is bounded by the synthetic fault and the other primary 
fault. The antithetic faults clearly do not extend beyond the 
** 
Subsequent reference to an antithetic or a synthetic fault 
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Figure 16. Schematic illustration of a Compound Secondary-Fault Zone. 
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bounding faults. Cross cutting relationships establish the relative 
timing between the "old" and "new" tips. This SFZ is a simple Com- 
pound SFZ, having only one synthetic fault and subsystem of antithetic 
faults. This example closely resembles the geometry of an Elementary 
SFZ (Figure 15). The primary and secondary faults of this SFZ are 
very thin and have very small displacements (~ 2 mm and less). 
Complex Compound SFZ have multiple synthetic faults and assoc- 
iated subsystems of antithetic faults that form adjacent to one or 
both of the bounding primary faults. The Central SFZ, located between 
the Middle and East segments of the Main Fault, is an example of a 
complex Compound SFZ (Figure 18). The bounding primary faults of this 
SFZ have apparent left-lateral offsets of 25-35 cm and displacements 
on the secondary faults range from millimeters up to 12-14 cm. Field 
observations indicate that the relative complexity of SFZ is partly a 
function of displacements on the faults. 
Ihere can be strong variations in morphology between individual 
SFZ. The sense of slip, however, on the antithetic and synthetic 
faults is consistent in all cases. Also the basic configuration of 
faults, as illustrated by Figures 15 and 16, is deve'loped consistently 
over a broad range of scales. 
Dimensions of Secondary-Fault Zones 
Field observations indicate that length to width ratios of SFZ 
(Figures 15 and 16) are apparently scale independent. There are 
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Figure 18. Nap of the Central SFZ, an example of a complex Compound 
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synthetic faults (to be discussed in the next section), that indicate 
that SFZ can lengthen with increased displacements. Thus it is 
possible to distinguish between the initial overlap of a pair of 
bounding primary faults and the effective overlap (or total length) of 
a SFZ (Figure 16). Observations indicate that the width of a SFZ is 
the same as the spacing between bounding, primary faults and does not 
change with development of the SFZ. 
The initial overlap (P) versus width (w) of eleven SFZ are shown 
in a log-'log plot in Figure 19. The paucity of data points reflects 
the difficulty in identifying the initial overlap of a pair of bound- 
ing faults in complex Compound SFZ. Ratios of P to w range from 1. 85 
to 4. 91 and have a mean of 2. 93. Linear regression of the data yields 
the relationship 
P = 2. 87 w ' 
This result indicates that a nearly linear relation exists between 
initial overlap and width of SFZ (if the exponent in (I) were equal to 
one, the relation would be strictly linear). 
A compilation of data from strike-slip fault systems throughout 
the world includes a log-log plot of dimensions of 70 SFZ ranging in 
scale from 20 to 80, 000 meters long (Aydin and Nur, 1983). In th'is 
case, the data was not distinguished on the basis of initial overlap 
and effective overlap. Analysis of the data yields a linear relation 
between length and width of s ~ 3. 2 w, where s could be either initial 
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Figure 19. Log-log plot of initial overlap (P) and effective 
overlap (L) versus spacing (M) of primary faults from SFZ in the Llano River outcrop. Dots are data of initial overlap versus spacing; +'s are data of effective overlap versus spacing. Data points 1, u and c are from the lower part and upper part of the Central SFZ and from 
the entire Central SFZ, respectively. 
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overlap or effective overlap. Similar data from 20 SFZ exposed in a 
South African gold mine, have an average R/w ~ 4. 1 (McGarr et al. , 
1979). 
With this in mind, the effective overlap (L) versus width for 
four SFZ from this study are also plotted in Figure 19. The four i/w 
values have a mean of 4. 24 and the maximum L/w ratio is 5. 46. A 
linear regression of all fifteen data points yields 
c = 3. 24 w ' (2) 
where & is initial overlap or effective overlap. Combining the data 
does change the relationship. The significance of the change is not 
known given the small data set, however, the exponent in equation (2) 
fs less than in equation ( 1), suggesting that I/w may have a scale 
dependent nature. Considering the relationships obtained from this 
study, along with the other data sets, suggests that length to width 
ratios of SFZ are commonly on the order of 3 to 4, and range from 
about 1. 5 to between 5 and 6. 5. 
Characteristics of Secondary Faults 
Antithetic Faults 
Traces of antithetic faults may be relatively straight, (Figures 
15 and 16), but more commonly they are curvilinear (convex or concave 
toward the overlap region) or sigmoidal (Figures 17 and 18). Due to 
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the differences in shape, a system of related antithetic faults may or 
may not be parallel. However, they often appear uniformly spaced in 
proportion to the spacing of the bounding primary faults. A few 
measurements, from SFZ in the area of detailed mapping, give a rough 
estimate of about 3: I primary fault spacing to antithetic fault 
spacing. Typically only three to five antithetic faults are formed 
within an Elementary SFZ. 
In addition to shape, the orientation of antithetic faults with 
respect to their bounding faults is highly variable. A frequency plot 
of 161 measurements of o (the acute angle between an antithetic fault 
and its bounding fault) shows that ~ ranges from 12' to 62' (Figure 
20). Most of the data plots between 22' to 47' (mean = 36. 7 ). 
Within any given SFZ, a varies only 10-15'. Also, because of the 
shape of an antithetic fault or due to non-parallel bounding faults, ~ 
is not necessarily the same at both ends of a given antithetic fault. 
In some cases a is smaller at Tips, however, o does not appear to vary 
systematically with position along the bounding fault. 
Visual inspection of numerous SFZ indicates that a may increase 
as the spacing between bounding faults decreases. For example the 
subsystem of antithetic faults, within the outlined area B in Figure 
18, form consistently higher angles (o = 47 to 62') with the primary 
faults than in other parts of the zone. It fs, however, not always 
possib'le to definitively associate a specific antithetic fault to its 
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Figure 20. Frequency plot of values of n. 
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complex Compound SFZ. Thus, the apparent systematic change of o with 
spacing between bounding faults was not confirmed in this study. 
Synthetic Faults 
In contrast to antithetic faults, synthetic faults have straight 
to slightly undulating traces. Similar to primary faults, they may 
curve away from the region of overlap, and they form tips with outer 
antithetic faults. As stated previously, synthetic faults always form 
between a pair of primary faults. 
Spatially, there are two basic relations between a synthetic 
fault and its associated primary fault. In one case, the synthetic 
fault is connected directly to the primary fault. This type of 
synthetic fault/primary fault association is seen in Figure 17 and 
illustrated as a Type I synthetic in Figure 21. A second case (Type 2 
Synthetic) is characterized by not being connected directly to the 
primary fault. Type 2 synthetic faults abut against older or contem- 
poraneous antithetic faults (Figure 21). Several examples of both 
types of synthetic faults can be seen in Figure Z2, which is a more 
detailed map of part of the Central SFZ (Figure 18). 
The synthetic faults in the map of Figure 22 form a group of 
right-stepping, apparent 'left-lateral offset faults that are asso- 
ciated with the bounding primary fault. Multiple subsystems of 
antithetic faults are formed between pairs of synthetic faults. The 
synthetic faults consistently cut earlier formed antithetic faults. 
These relationships indicate that younger (higher order) synthetic 
primary fault 
Typ 1 aynt etlc tantt 
Type eyntttettc fault 
primary laull 
Figure 21. Types of synthetic faults. 
Figure 22. Detailed map of part of the Central SFZ. The synthetic faults 
generally young toward the right. Both Type 1 and Type 2 synthetic faults 
are observed. 
numbered faults 
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Figure 23. Types of secondary fault intersections. Details of the 
different types are given in the text. 
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faults form ahead of as well as on the interior side of older synthe- 
tic faults. For example, the right-stepping faults in Fioure 22 
generally young toward the right, from the primary fault to synthetic 
fault number 11. Generation of synthetic faults in this sequence 
serves two purposes. First, by propagating ahead of the primary and 
older synthetic faults, the overlap region of the SFZ is effectively 
increased. Second, by forming on the interior side of older faults, 
the step or spacing between interacting pairs is reduced. 
Intersections Between Antithetic and Synthetic Faults 
In some cases, offsets of sedimentary features or early formed 
faults, provide information on the sense and amount of displacement on 
secondary faults. More often, kinematic data &s obtained from inter- 
sections between antithetic and synthetic faults. Investigation of 
these intersections indicate that in general, synthetic faults cut 
antithetic faults. However, timing relationships between secondary 
faults can be complex. The key to understanding the complexities is 
to study the nature of the secondary fault that is offset. 
Three types of secondary fault intersections can be identified by 
comparing the nature of the faults at the intersection with the nature 
of the faults away from the intersection. In a Type A intersection, 
the offset fault has a constant trend and uniform gouge thickness 
(Figure 23). In a Type B intersection, either or both parts of the 
transected fault have a gouge zone that thickens toward the corner 
formed by the intersection (Figure 23). The offset fault has a 
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splayed or wedge geometry that abuts against the younger fault. In 
this case, the younger fault may show a similar change in character, 
near the intersection. In a Type A intersection, the nature of the 
younger, cutting fault is usually unchanged near the intersection. In 
a Type C intersection, neither fault clearly transects the other. 
Instead, the faults appear to "fray" into several thinner gouge zones 
as they approach the intersection. The synthetic and antithetic fault 
"strands" may cut each other, or there may be no observable offset by 
either fault. The intersection has an intertwining or knotted appear- 
ance (Figure 23). 
As mentioned previously, there is a relationship between fault 
displacement and the thickness of fault gouge in a porous sandstone. 
In general, greater displacements generate thicker faults. Also, if 
other parameters such as porosity and grain size are held constant, a 
given displacement should generate a fault gouge zone of fairly 
uniform thickness. Fault characteristics at a Type A intersection 
indicate that there is only one period of movement on both of the 
faults. The relative timing of the faults at such an intersection is 
unambiguous. The thickening of part of an offset fault in a Type B 
intersection can be inferred as evidence for continued movement along 
the fault into or away from the corner at the intersection. Similar- 
ly, the multiple fault strands within a Type C intersection indicate 
that some displacement on intersecting antithetic and synthetic faults 
is contemporaneous. , Consequently, the relative timing at Type B or 
Type C intersections is ambiguous. 
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Evolution of a Compound Secondary-Fault Zone 
The timing and spatial relationships of faults within SFZ indi- 
cate that they develop systematically. This is illustrated by an 
interpretation of the evolution of a representative SFZ. The Central 
SFZ (Figure 12) is chosen for this exercise because many of the 
characteristics of this zone are common to other SFZ in the study 
area. The Central SFZ is prominently exposed in the outcrop mapped in 
detail and is the best documented example of a Compound SFZ. Recon- 
structing the sequence of faulting using cross-cutting relationships 
and SFZ characteristics established a working model of SFZ develop- 
ment. The model provides insight into the nature of fault interac- 
tion. A generalized mode'1 is presented in the conclusion chapter. 
The evolution of the Central SFZ is presented in four progressive 
stages of development. The first stage shows the configuration and 
distribution of primary faults prior to formation of associated 
antithetic faults. The final stage shows the SFZ as it presently 
appears in the outcrop. Intermediate stages are constrained by the 
nature of the field relations. No specific interval of time or 
displacement is implied between each stage. 
Ihe methodology used in the interpretation is to first identify 
the earliest formed faults in the SFZ. Then using the observation 
that synthetic faults generally young toward the interior of the SFZ, 
and that subsystems of antithetic faults form between each "new" pair 
of bounding faults, the picture is "rolled forward". It is not always 
possible to clearly identify which bounding faults are associated with 
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a given antithetic fault due to the nature of secondary fault inter- 
sections in complexly faulted areas (e. g. , Figure 23). Where the 
interpretation is less well constrained, because of potentially 
ambiguous timing relationships, faults are shown as dotted rather than 
solid lines. 
~sta e t. Pt e a ty formed (p S aryI faults a e t ferred fr 
field observations: two outermost and three internal primary faults 
(bold lines, Figure 24). These faults have left-lateral oblique slip. 
The outer primary faults form a non-overlapping, right-stepping pair 
of bounding faults. Internal primary fault 3 is shown as terminating 
against a pre-existing fault (dashed), and is nearly colinear with 
internal primary fault l. 
Field relations indicate that the antithetic faults (thin lines) 
shown in this stage, formed prior to secondary faulting associated 
with interaction between the five primary faults. These antithetic 
faults link the lower outer primary fault to another primary fault of 
System 5 to the north ( Figure 12). 
~Sta e 2. The earliest antithetic faults link overlapping primary 
fault pairs (Figure 24). At this stage of development the Central SFZ 
is essentially two discrete zones: an upper zone, bounded by the 
upper outer primary fault and by internal primary faults 1 and 2 and a 
lower zone, bounded by internal primary faults 1 and 2 and by the 
lower outer primary fault. The effective overlap between internal 
primary faults 1 and 2 is increased by the early development of a 






















Figure 24. Evolution of the Central SFZ. 
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synthetic fault, link the closely spaced internal primary faults 1 and 
2, effectively forming a single fault. The overlap region of the 
lower zone is also increased by the presence of an early formed 
synthetic fault. The upper outer primary fault and internal primary 
fault 3 do not overlap and are not linked by secondary faults. 
~Sta e 3 . With conti ai g development, additio ai nynthettc a d 
associated subsystems of antithetic faults form. The majority of 
"new" secondary faults are localized in an "S" shaped area (stippled 
region, Figure 24). As stated previously, synthetic faults adjacent 
to the upper outer primary fault form toward the interior and extend 
the overlap region of the upper zone (Figure 22). Synthetic faults in 
the lower zone consistently young toward the interior of the zone, 
but, in contrast, the overlap is not increased beyond that in Stage 2. 
~Sta e 4. The general appearance of the Central SFZ in the final 
stage of development is similar to Stage 3. Additional secondary 
faulting is concentrated toward the middle part of the zone. The 
total length of the SFZ does not increase. Because no synthetic 
faults formed outside the outermost primary faults, the width of the 
zone is constant throughout the evolution. The spatial distribution 
of the majority of new secondary faults fs more restricted than in 
Stage 3 and displacements are focused on fewer faults. Synthetic 
faults in the upper zone have effectively lengthened the upper outer 
primary fault, achieving overlap with the internal primary fault 3. 
Later forming synthetic faults in both the upper and lower zones are 
of Type 2 (Figure 21) and appear to tie into the outer primary faults 
away from the Tip regions. 
This scenario of SFZ evolution emphasizes the importance of 
overlap of bounding-faults prior to becoming a directly linked, inter- 
acting pair. The outer primary faults of the Central SFZ do not 
overlap and are not directly linked. Instead, the Central SFZ devel- 
oped as a composite zone. The upper and lower zones are discrete but 
related parts of the Central SFZ. The internal primary faults I and 
2, allow indirect interaction between the outer primary faults. 
As suggested by the inferred development of the lower zone, if 
overlap is sufficient then the role of synthetic faults is only to 
reduce the spacing between interacting faults. In other cases, 
synthetic faults young ahead of one another, allowing nearly-in-plane 
propagation of the bounding primary fault, as well as reducing the 
step between interacting faults. The secondary faults connect the 
outer bounding primary faults in a nearly diagonal zone forming a 
longer, effectively continuous fault. 
Since the region of secondary faulting becomes narrower with 
increasing deve'iopment, it fs hypothesized that the diagonal zone 
eventually would be replaced by a single synthetic fault, bypassing 
the SFl, directly linking the outer bounding faults. Evidence to 
support this hypothesis is obtained from observations at another SFZ. 
The SFZ shown in Figure 25 is located in an outcrop to the west of the 
area mapped in detail. In this example, the bounding faults are 
directly linked by synthetic faults. These 'linking synthetic faults 
boundlnp primary fault~ tip 
Figure 25. Example of an Advanced SFZ. Note development of synthetic faults that cut across 
the zone and directly link the bounding faults. 
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cut earlier antithetic faults and tie into the outer bounding faults 
in the same manner as the later formed synthetic faults in the Central 
SFZ. Thus, it appears that secondary faulting ultimately short 
circuits the step between the bounding faults into a "ramp", as the 
geometry evolves from a Compound SFZ to an Advanced SFZ. This 
scenario suggests that with increasing development displacements are 
not distributed throughout the SFZ but are concentrated along the most 
efficient path between the outer bounding faults. 
Displacements 
Data on the sense and magnitude of dip separations on faults in 
the outcrop are limited due to the nature of both the outcrop surface 
and internal markers. Unambiguous dip separations are know for only a 
few antithetic faults. In these cases the antithetic faults have 
normal dis-slip separations. In contrast, bounding faults have either 
normal or reverse dip-slip. The following data deals primarily with 
strike-slip separations. 
Observations indicate that displacement along bounding faults, in 
the overlap region, is not uniform. For examp'le, Figure 26 is a 
detailed map of an antithetic fault abuting against a primary fault. 
Both of these faults cut elements of an earlier-formed fault system. 
To the right of the antithetic/primary fault intersection, the primary 
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Figure 26. Detail of marker faults offset near an antithetic/primary fault intersection, All but 6 mm of the left-lateral offset on the primary fault is accounted for by right-lateral separations in the antithetic fault. 
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apparent offset on the primary fault abruptly decreases to 2. 35 cm to 
the left of the primary/antithetic fault intersection. All but 6 mm 
of the apparent offset, "lost" by the primary fault, is accounted for 
by 2. 35 cm right-lateral separation on the antithetic fault. This 
illustrates that the change in displacement on a bounding fault is 
directly related to the the presence of an associated antithetic 
fault. 
As mentioned previously, outer most antithetic faults are common- 
ly associated with terminations of bounding faults forming discrete 
Tips ( Figure 15) . In these situations, it is inferred that displace- 
ment on bounding faults need not gradually diminish to zero as 
required at terminations of isolated faults. A displacement discon- 
tinuityy 
at the end of the primary fault would be accommodated by the 
presence of the associated antithetic fault at the Tip. 
Displacement along antithetic faults appears to be uniform. This 
is indicated by antithetic faults that offset two or more markers. 
Commonly, the offsets are nearly the same and do not vary systemati- 
cally with position along the antithetic fault. In addition, offset 
markers indicate that dfsplacements at ends of antithetic faults is 
finite (Figure 24). 
The inference that bounding fau'its and antithetic faults have 
finite displacements at their ends also is indicated by the fault 
length versus displacement relationship of some secondary faults. For 
example, a synthetic fault in the Central SFZ (shown dipping 80' SE, 
Figure 18) is approximately 3. 5 m long and has 12-14 cm of apparent 
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left-lateral displacement. This corresponds to a ratio of fault 
length to apparent displacement of approximately 27:1. Similarly, a 
0. 3 m long antithetic fault in the Central SFZ (arrow, Figure 22), has 
1. 65 cm of apparent right-lateral separation corresponding to a length 
to displacement ratio of 18:I. Other secondary faults have length to 
apparent displacement ratios on the order of 75: l. Also the lower 
bounding primary fault of the Central SFZ, exhibits approximately 34 
cm of apparent left-'lateral separation but is more than 30 m long 
(Figure 18). The corresponding fault length to displacement ratio of 
this primary fault is about 88: 1. The disporportionately large 
offsets on "short" secondary faults are possible because of the 
kinematic and spatial relationships between bounding faults and 
associated antithetic faults. Primary and secondary faults are 
directly connected and movement on one member of the system is related 
to displacement on other, interconnected members ot the system. 
The relative amounts of displacement on a pair of interacting 
faults also has implications for the mechanical role of secondary 
faults. For example, the Central SFZ has bounding faults that exhibit 
nearly equal maximum displacement (Figure 18). There is approximately 
29 cm of left-lateral separation on the upper outer primary fault 
compared to approximately 34 cm of left-lateral separation on the 
lower outer primary fault. In addition, two early-formed faults 
extend across a portion of the Central SFZ and provide information on 
the distribution of displacements within that part of the zone (Figure 
27). The net apparent left-lateral offset of these marker fau'its 
Figure 27. Detailed map of a portion of the lower part of the Central SF2. 
major 
secondary fault 
c ant im et era 
88 







(dotted) by snythetic faults is 22. 3 cm and 20. 3 cm. The nearly equal 
offsets along these transects within the zone correspond to nearly 
equal offsets on the outer bounding primary faults of the Central SFZ. 
A large portion of the offsets observed in the lower part of the 
Central SFZ, occur on two "major" synthetic faults. The major synthe- 
tic faults are linked by a comp'iex subsystem of antithetic faults. 
Field relations indicate that this subsystem forms late relative to 
other secondary faulting in this part of the SFZ (Figure 27). This 
suggests that displacements are concentrated on fewer secondary faults 
with continued development of the zone. 
Another SFZ (Figure 28) has differing ammounts of displacements 
on the outer bounding faults. In this case the bounding faults have 
right-lateral strike separations and are in a left-stepping configura- 
tion. Apparent otfsets of markers systematically decrease toward the 
right from approximately 5. 5 cm to about 2. 5 cm. To the right of the 
last marker, the faults are thinner and hard to trace (dashed faults), 
suggesting a continued decrease of displacement from left to right. 
The distribution of secondary faults within the SFZ also varies 
spatially. There are only a few synthetic faults developed toward the 
left end of the zone. Toward the right however, where apparent 
offsets decrease to about 2. 5 cm, there are numerous synthetic and 
associated anti thetic faults. Similar relations have been observed in 
other SFZ suggesting that secondary faulting may localize near one or 
the other of a pair of bounding primary faults when the displacement 
on the primary faults is not equal. 
Figure 28. Detailed map of a SFZ with left-stepping, right-lateral bounding faults. Offsets of 
the marker faults gradually decrease toward the right. 




The characteristics of SF2 in the study area indicate that the 
mechanical role of the secondary faults is to link a pair of interact- 
ing faults, allowing displacement along one primary fault to be 
transferred to the other bounding fault. Situations as illustrated in 
Figure 26 provide direct insight into the transfer process . Since 
displacements on antithetic faults appear to be uniform, transfer 
between bounding faults may be achieved in a stepwise or incremental 
fashion. 
Situations where net offsets at different "transects" within the 
zone are nearly equal (Figure 27) and the displacements on the bound- 
ing faults are equal (Figure 18) indicate that all of the displacement 
is transferred through the secondary faults. With continued displace- 
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ment and formation of directly linking synthetic faults (e. g. , Figure 
25), the bounding faults are effectively a continuous fault and 
movement on antithetic faults are no longer required in the transfer 
process. In other instances (e. g. , Figure 28), secondary faulting, 
associated with one fault of an interacting pair, may provide a 
mechanism for displacement to be dissipated into the overlap region. 
Incomplete transfer of displacement through the secondary faults may 
also occur where the trace of bounding faults curve away from the 
overlap region. Beyond the Tip the character of the bounding fault 
consnonly becomes more fracture-like (Figure 15). Some amount of 
strain could be dissipated into the rock near the end of the fracture. 
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CHAPTER IV 
DISCUSSION: RELATION TO PREVIOUS WORK AND EVOLUTION 
OF A TYPICAL SECONDARY-FAULT ZONE 
A review of the literature reveals that features with geometries 
similar to SFZ observed in the Llano River outcrops are developed in 
all structural settings. The distinctive arrangement of faults that 
characterize these features is most readily identified when the plane 
of observation is both parallel to the slip vector and perpendicular 
to the bounding fault planes. 
An investigation of mining-induced small faults in a quartzite, 
provides information on secondary faults associated with interacting 
normal faults observed in cross section (Gay and Ortlepp, 1979; and 
McGarr et al. , 1979). The spatial arrangement of the secondary faults 
(Figure 29) is very similar to features observed in the L'lano River 
outcrop. The zone of secondary faults does not extend beyond the 
overlapping primary faults and outer antithetic faults "seem to 
originate from" ends of primary faults (McGarr et al. , 1979). Synthe- 
tic secondary faults do not occur in the middle of the overlap region 
but are located ahead of and adjacent to associated primary faults. 
Smaller systems of antithetic faults (subsystems) form between primary 
and synthetic fault pairs. As illustrated in Figure 29b, the primary 
and synthetic faults have a strong tendency to curve into the direc- 
tion of far-field o (away from the zone). This character also is I 
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Figure 29. (A) Map of fault zone exposed in cross-section in a South African gold mine. 
(B) Conceptualized diagram of a typical SFZ as observed in the gold mine. From McGarr et al. 
(1979). 
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As mentioned previously McGarr et al. (1979) also report that 
relative dimensions of the fault systems are generally scale indepen- 
dent. Measurements of the overlap (b) and spacing (a) of 20 SFZ 
yielded ratios (b/a, Figure 29b) that vary from 1. 3 to 6. 6 (average: 
4. I), but exhibit no systematic variation with absolute dimension. 
These data are in close agreement with values obtained in this study. 
There is, however, an important difference between SFZ studied by 
McGarr et al. ( 1979) and those observed in the Llano River outcrops. 
In their conceptualized diagram (Figure 29b), McGarr et al. (1979) 
indicate that the acute angle between antithetic and bounding faults 
(a) is consistently on the order of about 60'. Values of s obtained 
in this study are as high as 62' but range as low as 12' and average 
about 37'. Furthermore, field observations in this study suggest that 
u may increase as the spacing between bounding faults decreases. This 
apparent systematic change of a may reflect variations in orientation 
of stresses within the overlap region as the distance between inter- 
acting faults becomes less. It is not clear why this relationship 
would be manifest in SFZ in the Llano River outcrop but not fn the 
gold mine. 
In addition to the field investigation, McGarr et al. (1979) also 
present a model of the faults as interacting shear cracks in a linear- 
ly elastic, isotropic material. This approach is discussed in greater 
detail by Segall and Po11ard (1980). The two-dimensional model, which 
assumes plane strain, prescribes the length, spacing and frictional 
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strength of the primary cracks. Subjecting the rracks to a homogene- 
ous far field stress as indicated in Figures 30 a and b, the Mohr- 
Coulomb fai lure criteria is used to predict regions of failure and 
orientations of secondary shear cracks. The model is a reasonable 
first approximation of the strike dominant, oblique-slip fault systems 
observed in this study and can be used to gain insight into the 
mechanics of the SFZ in the Llano River outcrops . 
The results from two cases, one where the primary faults do not 
overlap and the other where the faults have an overlap to spacing 
ratio of 2: 1, are shown in Figures 30 a and b respectively. Solid 
contours in these figures are values of F = /~/ - 0. 7 an, normalized 
to the far fie'ld maximum compressive stress (o, ). Regions of high F 
values are areas where secondary fracturing is predicted. 
For the case of no overlap between the primary cracks, lobes of 
high F are situated outside the step between the cracks and ahead o& 
the crack ends. A region of induced tension (dashed contour) is 
similarly situated (Figure 30a ). The interpretation of this analysis 
by McGarr et al. ( 1979) includes two results that are important with 
respect to this study. First, tensile cracks may initiate near the 
end of the primary cracks and propagate away from the region of 
interaction. This may explain the occurrence of fracture-like con- 
tinuations of bounding faults beyond the Tip as observed in this study 
(illustrated in the Elementary and Compound SFZ geometries, Figures 15 
and 16). The tendency of a bounding fault to curve away is consistent 
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Figure 30. Model of interacting shear cracks in a linearly elastic isotropic material. 
McGarr et al. (1979). 
After 
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of the fault into an area of low mean stress may not require formation 
of gouge, usually associated with small faults in porous sandstones, 
Secondly, formation of the tensile crack outside the step are 
interpreted by McGarr et al. ( 1979) to releases stresses there, which 
could focus secondary shearing into the high-F region ahead of and 
between the primary cracks. The two potential failure planes, 
oriented at 30' to the local o& have senses of shear and approximate 
orientations corresponding to antithetic and synthetic faults. The 
specific locations of the secondary shears, as noted by McGarr et al. 
( 1979) are "somewhat arbitrary". Note, however, that for the case of 
no overlap an antithetic crack emanating from either of the primary 
cracks would not intersect the other primary crack. This supports 
observations in this study which indicate that some overlap is 
required before the bounding faults are physically linked. McGarr et 
al. ( 1979) propose that synthetic shear cracks interact with their 
associated primary cracks, effectively allowing the primary shears to 
extend nearly in plane and achieving overtap. 
For the case where the primary cracks overlap, lobes of high F 
extend from ends of the primary cracks as in the non-overlap case. 
Values of high F also are generated in the overlap region promoting 
the formation of antithetic shear cracks between the primary cracks. . 
As before, synthetic shear cracks are predicted to form ahead of the 
primary cracks. The resulting geometry of faults, as drawn by McGar r 
et al. ( 1979), closely resembles the idealized Elementary SFZ geometry 
(Figure 15). Thus, this mechanical analysis provides a reasonable 
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explanation of the attitudes and locations of the secondary faults 
observed in the gold mine fault system and in the Llano River out- 
crops. McGarr et al. ( 1979) point out that the predicted orientations 
of antithetic faults form smaller angles with the primary cracks than 
are observed in the gold mine fault systems. Similarly, the model 
does not predict the wide range of antithetic fault orientations 
observed in the SFZ in the Llano River outcrops. 
Results from the analysis by McGarr et al. ( 1979) also has 
implications on the nature of displacement transfer. The absolute 
dimensions of fault length and spacing used in the model were chosen 
to be the same as the SFZ illustrated in Figure 29a. From the model, 
the net displacement across the pair of interacting primary cracks is 
2. 9 mm compared to an observed displacement of approximately 6 cm 
across the SFZ in the gold mine, However, the mechanical analysis 
does not allow faults to physically intersect or abut. McGarr et al. 
( 1979) interpret the larger than predicted displacements to require 
inelastic deformation of the material within the overlap region. 
Observations from the study of SFZ in the Llano River outcrop suggests 
that the inelastic deformation is accommodated by transferring 
increments of displacement from one bounding fault to the other, 
effectively transforming the interacting fault pair into a single, 
longer fau'lt. 
A recent study by Aydin et al. ( 1985) analyzes the development of 
fault overlap using a fracture mechanics model similar to the one 
employed by McGarr et al. ( 1979). The analysis shows that interaction 
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between en echelon faults initially promotes and then supresses fault 
propagation, achieving limited overlap. This is consistent with 
results from a comparison of effective overlap versus width (L/w) to 
initial overlap versus width (P/w) of SFZ in the Llano River outcrop. 
The few data points obtained suggest that L/w values are generally 
higher than P/w values (average ratios of 4. 24 and 2. 93 respectively). 
Also, the data from this study and from that of McGarr et al. (1979) 
yield maximum L/w ratios between 5 and 6. 5. These observations 
indicate that, for a given SFZ width, there is some optimal effective 
overlap that allows efficient interaction between bounding faults. 
The secondary faulting associated wi th the propagation from initia'I 
overlap to effective overlap can be related to continued displacement 
on the primary faults . The mechanical analysis, together with the 
field observations support the hypothesis that in cases where con- 
tinued displacement would require lengthening beyond the optimal 
effective overlap, the SFZ evolves from the Compound to the Advanced 
geometry. 
Addi tiona'I insight into the evolution of fault zones is provided 
by simple experiments which simulate deformation of sediments over a 
basement fault, using a layer of clay deformed in simple shear (Wilcox 
et al. , 1973). Photographs recording the progressive deformation of 
the clay (Wilcox et al. , 1973; Iigures 7a-c and Bd-e) show that, 
following an initial pervasive phase of pIastic strain, two conjugate 
sets of faults form over the "basement" fault. One set forms at a 
sma'll angle to the strike of the basement fault and has the same sense 
of shear. Wilcox et al. (1973) term these as synthetic faults. The 
synthetic faults are en echelon, and are consistently right-stepping 
when the sense of shear on the basement fault is left-lateral. The 
other set forms at an angle of about 78' to the basement fault 
(approximately 60' to the synthetic set) and has an opposite sense of 
shear relative to the basement fault. These faults are termed anti- 
thetic, and are initially restricted between elements of the synthetic 
set (Wilcox et al. , 1973; Figure 7c). In the later stage of develop- 
ment with continuing displacement, a younger set of faults form 
subparallel to the basement fault, and transect the antithetic faults 
(Wilcox et al. , 1973; Figure 8e). The resulting fault zone geometry 
resembles the configuration of System 5 faults observed in the Llano 
River outcrop. The strike dominant, oblique-slip faults of System 5 
probably did not form under the same boundary conditions as the faults 
in the clay. The development of the fault zone in the clay is, 
however, closely analogous to the formation of the directly-linking 
synthetic fault in the Advanced SFZ geometry. 
Additional information on the nature of secondary faulting 
between bounding faults is provided by detailed studies of small fault 
systems exposed in the Sierra Nevadas. In this case the bounding 
faults are strike-slip faults that nucleated along pre-existing 
fractures in a granodiorite (Segall and Pollard, 1983). The general 
geometry of these fault zones is similar to that of SFZ in the Llano 
River outcrops: obliquely-oriented secondary fractures are localized 
between the bounding faults and often exhibit small offsets opposite 
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to the sense of shear on the bounding faults (Segall and Pollard, 
1983; Figure IO). As in the previous example, the acute angle of 
intersection between the antithetic and bounding faults is shown to be 
steeper than observed in SFZ in the Llano River outcrops. An import- 
ant distinction between these fault zones and SFZ in the Llano River 
outcrops is that the bounding faults are essentially completely 
overlapping and have uniform displacements as large as ten meters or 
more. In this situation, with displacement concentrated at the 
boundary, transfer through the secondary faults is not required. The 
similarity of secondary fault orientations probably reflects similar 
stress orientations between bounding faults but the mechanical role of 
the secondary faults is different from secondary faults in SFZ in the 
Llano River outcrop. 
The distinctive pattern of secondary structures also has been 
generated in experimentally deformed, intact rock samples (Borg and 
Handin, 1966). Figure 31 is a line drawing of a photomicrograph of a 
migmatite deformed at I Kbar, 150'C and a strain rate of IX per 
minute. A well defined SFZ localized between the two "main" faults is 
evident in the center of the specimen. Borg and Handin (1966) inter- 
pret the secondary fractures to be conjugates to the main (or primary) 
faults. Once again, the angle between the antithetic and bounding 
faults (i. e. , the conjugate faults) is greater than observed in this 
study. The ratio of overlap to spacing of the main faults is approxi- 
mately 4. 7 to 1. The displacement on the faults measured at the end of 


















MIGMATITE I I0401 
Figure 31. Line drawing of a SFZ developed in a migmatite, experi- 
mentally deformed at 1 Kbar, 150'C and strain rate of 1% per minute. 
From Borg and Handin (1966). 
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contrast to SFZ observed in the Llano River outcrops, well defined 
synthetic faults and subsystems of antithetic faults are not observed 
in the sample. Also the occurrence of extension fractures in the 
migmatite, oriented subparallel to the long axis of the specimen 
(Figure 31), was never noted in SFZ in the Llano River outcrops. 
If the faults that compose System 5 in the Llano River outcrop 
(Figure 12) are considered irrespective of their spatial and temporal 
relationships, as presented in Chapter II, they can be divided into 
two fault sets. One set, composed of primary and secondary synthetic 
faults, has a N50-60E trend, and the antithetic faults make up a N to 
NNE trending set. Similarly, other studies (Tchalenko, 1970; Friedman 
and Shimamoto, 1978; Jamison, 1979; Hartlett, 1980) often "lump" 
elements of fault zones into sets, representing the observed fault 
pattern as an array of "Riedel shears". The Riedel-shear array has at 
least three fault sets, which usually are interpreted in terms of the 
Mohr-Coulomb failure criterion (Figure 32). The RI and R2 shears form 
a conjugate pair, bisected by the maximum principal compressive stress 
(oI). The Y shear is oriented at 45' to oI and parallel to the 
principal shearing direction. Experimental investigations of fault 
zone development with increasing shear displacement commonly show that 
RI and R2 shears form early, and an additional P and the Y shears form 
with increasing displacement (Tchalenko, 1970). The P shears are 
thought to form due to kinematic constraints on the RI and R2 shears, 
and the Y shears link the other shears to form a through going fault, 
parallel to the main shear direction. 
P IMARY FA LT 
R 
2 
LATER FORMINQ ~ ~SYNTHETIC FAULT R 
90- 42 
PRIMARY FAULT 
ELEMENTARY 8 F 2 RIEDEL SHEARS 
Figure 32. Comparison of the Riedel shear array to the Elementary SF2 geometry. 
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Neglecting the geometric characteristics of SFZ in the Llano 
River outcrop, primary and synthetic secondary faults could be inter- 
preted to be analogous to RI shears and antithetic secondary faults 
would be analogous to R2 shears (Figure 32). As discussed earlier, in 
the evolution from Compound to Advanced SFZ, later forming synthetic 
faults directly link the bounding, primary faults. This might corre- 
spond to formation of Y shears. Faults corresponding to late forming 
P shears have not been identified in SFZ in the study area. It is 
argued, however, that to indiscrimently group the primary and secon- 
dary faults into two or three elements of an array (c. f. Jamison, 
1979), ignores the spatial and temporal relationships of the faults 
that are presented in this study. These relationships provide a 
greater understanding of the mechanics of the primary and secondary 
faults and their role in the evolution of throughgoing fault zones. 
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CHAPTER V 
CONCLUSIONS AND MODEL OF SECONDARY-FAULT ZONE EVOLUTION 
Investigation of the structural geology of the study area indi- 
cates that: 
I) The study area is characterized by diversely oriented frac- 
tures and small faults that trend generally W to WNW, NW, N and NE. 
The relative development of these trends throughout the study area is 
spatially variable. 
2) Small faults are the dominant structural feature in the 
Hickory Sandstone. The only large fault (displacement greater than 
Im) identified in the study area parallels the NE trend of major 
normal fauIts in this part of the Llano Uplift. Where the sandstone 
is shallowly underlain by basement, trends of small faults closely 
correspond to fracture trends in the basement. 
3) Numerous fault systems, distinguished on the basis of fault 
type ( normal, reverse, strike or oblique-slip), orientation, di stri- 
bution (location, spacing and length), and relative timing, commonly 
are developed within any given outcrop. For example, detailed inves- 
tigation documents the existence of five fault systems developed 
within a single outcrop, The earliest deformation in the outcrop was 
associated with small dip-slip dominant offsets. Subhorizontal 
movements in the later stages of deformation are indicated by the 
presence of local detachment and thrust faults and a system of larger 
displacement, strike-dominant, oblique-slip faults (35 cm, maximum 
apparent offset). Field relations indicate that the development of 
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the late-stage oblique-slip faults was influenced by the presence of 
the older fault systems. The dominance of the NE trending System 5 
faults probably reflects the development of large-scale faults asso- 
ciated with regional NW-SE extension. 
4) From these observations, it is inferred that the heterogeneous 
nature of faulting in the sandstone is controlled primarily by 
reactivation of weak basement discontinuities. Alternatively, assoc- 
iating the diversity of fault orientations and timing to multiple re- 
orientations of stresses, ignores the potential influence of pre- 
fractured basement at shallow crustal conditions. 
5) Fracturing post-dates faulting. The distribution and orienta- 
tion of some fractures mirror older fault systems in the sandstone and 
may also be controlled by pre-existing basement discontinuities. 
Fracture trends in the sandstone mirror fracture trends in adjacent 
basement outcrops and fractures are often spatially associated with 
faults. The formation of fractures in the sandstone may be related to 
the response of basement to stress release during erosion. 
6) This part of the study provides important insight into the 
nature of deformation in and near the basement in an area not influ- 
enced or overprfnted by the effects of large-scale faulting. Movement 
along numerous, diversely oriented discontinuities in the basement 
accommodates local variations in the strain field while the large- 
scale normal faults accommodate regional extension. 
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The detailed study of secondary faults formed between en echelon, 
oblique-slip faults, leads to the following general observations and 
conclusions: 
1) The distinctive arrangement of faults that characterizes the 
secondary-fault zones (SFZ) observed in the Llano River outcrop 
(Figure 15) is a common attribute of fault systems where the bounding 
faults overlap and step opposite to their sense of shear. The geome- 
try is best observed when the plane of observation is nearly parallel 
to the slip vector and perpendicular to the planes of the bounding 
faults. These features have been identified in all structural set- 
tings, in various laboratory experiments and are developed in various 
materials under conditions in which faulting is the dominant. deforma- 
tion mechanism. The geometry is readily overprinted as the fault zone 
evolves beyond the incipient stages of faulting. 
2) Dimensional data of SFZ, from this and other studies, indicate 
that these features are generally scale independent. Length (sl to 
width (w) ratios average between 3; 1 and 4: 1. Distinguishing the 
limited data in this study on the basis of initial overlap and effec- 
tive overlap suggests that SFZ may have a scale dependent nature as 
they develop with continued displacement. Field observations indicate 
that some minimum overlap between the bounding faults (critical z/w on 
the order of 1. 5 to 1) is necessary for the development of antithetic 
faults that link the bounding faults. Maximum z/w values are on the 
order of 5: I to 6. 5: 1. 
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3) Measurements of the acute angle between bounding faults and 
associated antithetic faults (u), in the SFZ developed in the Hickory 
Sandstone, range between 12' and 62' (average ~ approximately 37'). 
This contrasts sharply with observations from other examples of SFZ 
that have  values consistently in the range of 60'. Observations 
from this study suggest that u may systematically increase with 
decreasing spacing between bounding faults, however, the significance 
of the wide variation in values of u are not fully understood at 
present. 
4) Observations indicate that displacements on bounding faults in 
the overlap region are not uniform. Changes in displacements along a 
bounding fault are inferred to be step-like and are directly associat- 
ed with abuting, antithetic faults. The corresponding displacements 
on antithetic faults apparently are uniform. Displacements at the 
ends of bounding faults can be finite where they form Tips with 
associated antithetic faults. Also, the magnitudes of offset on some 
secondary faults are disproportionately large with respect to their 
lengths. Large offsets on "short" secondary faults are possible 
because of the kinematic and spatial relationships between bounding 
and associated antithetic faults. 
Additional observations and conclusions on the nature of 
secondary-fault zones, expressed in the form of a model of SFZ evolu- 
tion, are illustrated in Figure 33 and outlined below: 
1) The bounding, primary faults are configured so that they step 
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Figure 33. Generalized model of Secondary-Fault Zone evolution. 
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in plane (or nearly in plane) due to the nature of fault interaction, 
thus achieving some initial overlap. 
2) With continued displacement on the bounding faults, a set of 
first order, antithetic faults form in response to induced stresses in 
the overlap region (forming the Elementary SFZ geometry). The anti- 
thetic faults mechanically link the bounding faults, forming a longer, 
effectively continuous fault. If the additional displacement on the 
bounding faults fs completely transferred through the anti thetics, no 
further secondary faulting is required (dI, remains approximately 
equal to d2 in Figure 33b). 
3) Continued displacement generates a synthetic fault and an 
associated subsystem of antithetic faults (forming the Compound SFZ 
geometry). The synthetic fault forms ahead of and toward the interior 
of the overlap region, thus increasing the effective overlap and 
decreasing the step between interacting fault pairs. The primary 
fault, with which the synthetic fault is associated, has more dis- 
placement than the other primary fault, illustrating a case where the 
additional displacement is not totally transferred through the second- 
ary faults (dI, not equal to d2 in Figure 33c). 
4) Additional interaction, due to continued displacement, gener- 
ates higher order synthetic and associated antithetic faults (evolving 
to the complex Compound SFZ geometry). If the SFZ lengthens to an 
optimum effective overlap, younger synthetic faults continue to reduce 
the space between interacting fault pairs but do not continue to form 
ahead of the zone. 
5) If the optimum effective overlap is reached and additional 
transfer of displacement through the secondary faults is required, 
then throughgoing synthetic faults may be generated, directly linking 
the bounding faults (SFZ evolves to the Advanced geometry). In 
general, the fault zone develops so that displacements are transferred 
through the most efficient route through the SFZ; ultimately the sharp 
step between the en echelon faults is smoothed into a "ramp". 
This study provides previously undocumented information on the 
kinematic and spatial relationships between primary and secondary 
faults and between antithetic and synthetic faults. Field observa- 
tions support the interpretation that the role of secondary faults, 
formed between en echelon faults that step opposite to their sense of 
shear, is to accommodate displacement transfer across the overlap 
region. Additionally, this study provides insight into the potential 
sequence of fault zone development, prior to being overprinted by 
deformation associated with large-scale faulting. 
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